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ELECTRONIC SUBSYSTEM ANALYSIS

1.0 INTRODUCTION

The Electronic Subsystem Analysis (ESA) program was a twenty-four
month effort from March 1975 through March 1977. The principal
activities were conducted for the Space and Missile Systems Organi-
zation, Deputy for Re-entry Systems (SAMSO/RS) with supplemental
activities conducted for SAMSO, Deputy for Minuteman, the MNNG
office. jStudies and analyses performed during the ESA program

included:
- O Analysis of emerging integrated circuit technologies

O  Analysis of semiconductor technologies relative to booster
and terminal guidance systems

1.1  General Background

\The Electronic Subsystem Analysis program is part of the Advance

Ballistic Re-entry System (ABRES) re-entry guidance and electronics
activities for the establishment of the technologies required to build
advanced re-entry guidance systems with the required performance,

reliability, and radiation hardness while minimizing size, weight, power
his program is designed to appraise critical technologies,

and volume. . T T
subsystems, aN:vide design alternatives to assist ABRES personnel

in defining performance criteria for components and subsystems and

planning future activities.
nology Applications Program IV (TAP 1V) (F04071-73-C-0294). In

November, 1976 the ESA Program was supplemented with the SAMSO/
YAD Fault Tolerant Spaceborne Computer program to provide enginecring )

studies and analysis,

This effort was a follow-on to the Tech-
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2.0 OVERVIEW

One of the most important, and yet often overlooked topics for any missile
or satellite SPO at SAMSO, is the real-world state of the art in military
integrated circuit technology. These insignificantly small devices (usually less
than 14 inch square) have caused more system level grief than nearly any
other system component-usually by their absence. A recent example is the
medium scale integrated circuits developed by Lockheed for the Trident auto-
pilot computer. Tens of millions of dollars and over three years have been
expended in the development of these devices, with adequate results yet to
be obtained. The underlying problem with this effort was an unrealistic
technical assessment by Lockheed of the real world state-of-the-art in rela-
tion to systém-imposcd operational requirements. One of Questron’s prime
responsibilities is to provide SAMSO sufficient information to avoid such a
quagmire of specmanship vs technology limitations which often leads to
schedule slippages and excessive costs.

The real world of ictegrated circuits must be evaluated from the anticipated
users point of view. Although a common base with commercial processing
is always desirable, radiation and reliability criteria usually (but not always)
dictate important modifications to the standard processes. SPO requirements

include the following topics:
®  PERFORMANCE e

O Speed
0 Size, Weight, Power

®  ENVIRONMENT

0 Reliability
o Radiation

®  PRODUCTION

o  Short (1 - 2 ycars)
0 Medium (2 - 5 yecars)
0 Long (>S5 years)

&  COST

0 Initial
g Life Cycle
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The following technology review is divided into two major sections. The
first addresses a review of majority carrier devices such as CMOS logic
and MNOS memories. The second section is concerned with minority
carrier devices such as bipolar transistors, transistor-transistor logic and inte-
grated injection logic. Included in each section are discussions of basic
device physics, new technological advancements, radiation etfects and
reliability considerations. For brevity, it has been necessary to forgo the
pleasure of detailed mathematical derivations and extensive analysis. Every
effort has been made to limit the scope of this review to those issues
which directly address in a qualitive manner the criteria listed above.
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\ Recent improvements to the basic MOS device include the following:

TS A i W e 4 W aegr

3.0 MAJORITY @RRIER DEVICES

The operation of majority carrier devices can best be described by referral
to figure 3.1(a) which depicts a N-channel metal-oxide-semiconductor (NMOS)
transistor fabricated on bulk silicon. The following discussion is applicable
to an P-channel device if the appropriate reversals in bias polarities and
dopants are made. As seen in figure 3.1(a), an NMOS transistor is fab-
ricated on a P~ wafer of silicon by heavely doping two closely spaced
regions with an Nt dopant (these areas are called the source and drain).
A metal plate is positioned betdcen the two Nt regions in close proximity {
to the silicon surface but insulated by a thin SiO, layer (800A to 1200A
thick). With no voltage applied to this gate electrode, the two N* regions
can support a large reverse bias due to the two back-to-back P/N+ junctions.
* However if a small positive bias is applied to the gate, the surface of the
silicon begins to accumulate electrons (figure 3.1(b) and 3.1(c)). With suf-
ficient potential, the entire surface between the source and drain will become
Nt in nature thus effectively shorting the two Nt regions. Therefore the
NMOS transistor has been turned on by a positive potential applied to the
gate electrode.
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8 The use of silicon rather than aluminum for the gate material,
’_ o  Jon implanted source and draig regions,

0 Dielectrically isolated transistors.

2
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The use of a doped polysilicon gate enhances transistor performance

s

through an increase in switching speed and also permits a more densely
<X packed integrated circuit via the use of a second level of interconnect
% (polysilicon). lon implantation is cssen'ially a precisely controllable i
W pre-deposition of the required dopants, It’s use increases device yield
Ly . .
P and minimizes the required dopant drive-in time/temperature product, ;%
3‘:”‘ . » - 3 - . I3 “
gi;; Experiments have shown this to be beneficial in reducing MOS radiation ]
" sensitivity. I
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The fabrication of MOS devices in a thin (~lu) epitaxial film grown on
a sapphire substrate (deplicted in Figure 3.2) is an important variation in
MOS technology from both a military and commercial point of view.
The use of sapphire greatly reduces the node capacitances and provides
greater on-chip speed than is normally achievable with bulk MOS devices.
In addition, certain aspects of radiation tolerance are greatly enhanced.
The major drawbacks to the silicon-on-sapphire (SOS) technology include
strigent process controls, reduced carrier mobilities due to poor quality
epitaxial crystal structure and potential back-channel (Silicon-Sapphire)

leakage problems (discussed below).

Radiation ecffects on MOS devices include the following:

0 Total Dose

0 Dose Rate

o0 Neutrons

e Sosarorions

Because MOS technology is based on majority carrier physics, neutron
induced lattice defects do not cause appreciable degradation in performance.
This is due to a lack of minority carriers for recombination processess in
the channel region during device conduction.
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\ Transient radiation effects are more pronounced in CMOS bulk devices than
CMOS/SOS due to the larger current collection areas (P-N junctions). Logic
upset levels for bulk CMOS range from 10® rad(si)/sec to mid 10® rad(si)/sec.
SOS devices usually do not upset below mid 10° rad(si)/sec and have, through
careful design, reached mid lO"_ rad(si)/sec upset levels. Another major draw

e

tl{::

V:f{ back to bulk devices is the possibility of a fourlayer latch-up action. This

Z is totally eliminated by SOS (diclectric isolation). .
v !
% Total dose effects are primarily concerned with charge build-up in the gate
é oxide and sapphire. Under radiation, electrons and holes are formed in
g the insulating materials. The nature of the trapping sites in the insulators
{ is such that electrons freely escape but holes are trapped and create a
i?:}‘: space charge which decays with time after irridation. In the gate oxide, :
? this results in a shift of the gate potential required to turn the MOS device
£ on or off. If this shift is too large, the Jevice will cease to function. :
?i, Charge trapped in the sapphire can invert the back channel silicon-sapphire ’l
‘{: interface and cause a moderate-to-large leakage current to flow. Recent i
i -
-
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advances in metal .gate MOS device technology (both bulk and SOS) have
increased' ‘the. radiation tolerance to over 10% rad(si); At present, silicon
gate devices are only radiation hard ‘to mid 105 rad(si) although consider:
able research is underway to improve this.

In addition to the trapped charge problems discussed above, theré is currently
a great deal of interest in the physical aspeéts of radiation-induced intérface

(IF) states at thé Si0,=Si interfacé. These states cause threshold voltage.

shifts similar t6 that caused’ by trapped oxide charge and, in additién, reduce
the majority carrier surface mobility. A recent (July 1976) radiation harden-
ing conference included an interesting report by Harry Diamond Laboratories-
which proposed that IF states aré created by the ‘passage of radiation-indicéd
holes past the Si0,-Si interface rather than radiation itself.

Since its identification .as a potential -radiation. effects problem several years ago,
rapid annealing of the MOS threshold shift immiediately after an exposure

has received considerable .attention. Tivestigative techniques are predominately
based on' freezing in. the radiation«nduced holes at $0°K and then slowly
heating the sample while monitoring the thermally (and somctimes eléctricilly)
emitted charge. It is apparent that a qualitative understanding exists for the
phenomenon, but a -quantitative explanation must wait for more detailed infor-
mation regarding the spacial and energetic, distribution of thé relevant hole
traps.

Experimental studies of the time dependence of the radiation induced

MOS threshold -voltage shifts have shown that it is entirely possible

to have a device which is insensitive 't6 total dose (to 108 rad(si))- several
hours after irradiation ‘but- which shows large -(3 to 4 volt) shifts in thres-
hold potential for 10ms to 100ms. after an expésure.

Little meaningful, reliability .data exists as .of yet :for CMOS deviées because.
no major -system has fielded ‘the technology. Numerous laboratory' studies
have béen conducted for bulk CMOS. and some data exists for CMOS/S0S
technology. The chief problem. areas appear to be .the gate -oxide. stability
and the input protection networks. This assuines the devices have -passed

a minimal burn-<in screen tést since the real problem in CMOS/SOS is device
producability. 'RADC has published -limited reliability studies and is: curréntly
studing evaluation standards for CMOS .(both bulk and SOS) technology:
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A paper by IBM at the International Reliability Conference (April,. 1976)
-discussed: possible instabilities in- N—channel FET$S dué to hot election in- g '
jection into the gate insulatof from thé drain junction.. If a portion of , ﬁ

these clectrons aré trappéd, the threshold may shift and the soufce-drain E
breakdown voltage may decrease. Data were presented to vcﬁfy the theor- k
etical models and to establish a-long-term. reliability wvulnerability. Questron 3
feels that although the data were takén -with unusial bias conditions (+12V | U
gate, +5V drain, -3V body) and the source-drain functions were reversed to ; ﬁ
énhance thé effect, ‘the reliability comimunity: will probably require substantial. % E

verification of the stability of any N-—channel device to be fielded in a * ;
system, especially. one with a sandwich gaté insulator. Questron agrees with. ‘ ;
this position, and studies of hot clectron injection instabilities should- be 3
included. 'in near term MX -development progfams.. {

Quéstron conducted a survéy of the current status of .availability and’ 3
reliability of commercial CMOS RAMS for SAMSO/ABRES. Bri¢f discussions 3
with Harris. Corporation- indicated failure rates of approximately 0.04% per ; {
1000 hours -at 25°C. Intersil has c¢onducted reliability studies on théir
silicon gate CMOS 1K RAM (IM-6508). A synopsis of these studies is
given: below. The .6508 -(military version) .is screenéd to visual: class- B,

A stabilization bake of 150°C for 24 hours is performed along with a

3 10 cycle '(65°C to 150°C)s temperaturc cycle test.. Life test data were.

i taken in 1974 and 1975 on approximately 668 devices for 863,000 device
hours.. This. evaluation resulted in a failure raté of 0.038% per 1000 hours
at, 60% confidence: at 55°C — -somewhaté better than the Harris failuré
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The .Intél rehability data -is moré exténsive with some 60 X 10% deviée
hours. at '55°€.  Calculated: failure .rates of 0.015% o 0.04% per 1000 !
hours at 90% confidence Jdevel at 55°C ‘weré. obtained- -depending: .on the- - s
details ‘of the CMOS. technology used (enhancément: of depletion mode ;
transistors for example).

ey

-7 .

2R S T BN A o o B oo

3:1 Logic ‘Implementation-

e
A

The conventionial techniques for fabricating a logic gite (an inverter in this
case) ds-shown in ‘Figure: 3:2. Although the figute depicts. ithe SOS. tech:
nology,. a similar structure .exists for bulk MOS téchnology. To form a
complenientaty ‘MOS (CMOS): inverter, a Pxéharinel ‘FET is. onnected in
series “with a Nxhamiel FET, By -connecting the. open: end -of the P-chanriel
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FET to +10 volts, the open end of the N-channel to ground and the ’
gates of both devices ‘together, thé basic inverter structure is forined. If +10
5 volts .appears on. the common gatés, the N-channel device conduicts. thus ground: j
" ing the common P*-N' node. The P=channel device provides isolation- from §
the +106, volt supply. If O volts is applied to the gates, the N-channel device E
- turns. off while ‘the P:channel device turns on and the output ‘(P+-N+ 1ode) _%
rises to +10 volts, As. can bé seen, one of thé major advantages of CMOS 3
technology is that the only powér it consumes i§ that required to charge and :é
b discharge the node capacitance. At low frequencies, CMOS power consumption ;
is extremely low. f;
35 - .
The $peed -with which ‘the inverter can switch ‘depends on' the load capacity P
3 of thi§ next paif of gatés, the interconnect cipacity and the ability of the ,
; PMOS- aitd NMOS' devices ‘to supply charging and discharging éurrents. The E
15 ability: to supply current increases .inarkedly with' decreasing -channel length E
F (distince between the two heavily doped regions) and increasiiig iajority carrier
k. ; mobility in the' channel region (depends. on crystal order in thé epitaxial }%
‘ layer and the absence of interface -status). X
3 The highest achievablé functionality (speed, .packing density, etc.) of CMOS
; ‘ technology varies widely from manufacturér to- manufacturer especia]iy for SOS:
; In general, the highest performance can be obtained via custom designed
\ Large. Scale: Integration -(LSI) devices. on sapphire. RCA is thé current léader
in this ficld and has recently fabricated the LSI general processing unit (GPU)
g . shown in Figuré. 3.3, This :device .is. the -state-of-thc-art in -CMOS/SOS- and: _.
% could, if it were radiation hard, fulfill numerous SAMSO' requirements. It "
should: -be noted. that the originql architecture for this device was completéed 'y
i by Questron and Tracor under ABRES sponsorship approximateiy two years
f ago. gi
The standard cell approach wherein a LSI circuit is fabricated from ‘a limited 31
\ Yg mumber -of pre-designed logic Tunctions can achieve. 50 to 80% of custorn §
1 designed: device capability. Universal logic atrays (ULA) consist of a large 5
Efg number (75 to 300) of e]enicﬁtgl inverter nodes fixed- on a chip and inter- g ‘
T ¥ connected at the discretion of the designer. "This approach entails an even I
3 greater performance penality (30 to '60%) relative to custom. desighed cifcuits. ‘ ;
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General Processing Unit

Figure 3.3
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Thé problems associdted with CMOS/SOS technology include the numerous

. (9 6. 11) critical processing steps (low yield, lot:to-lot variations, “magic

’ fingers syndrome”), the- achievement of a radiation hard silicon gate .process :
st s (total: dose and rapid anneal of threshold voltages are the key areas). and 4
3l . declining comniercial .emphasis (Solid State Scieitific has withdrawn from 3
;?1 thé market, Jeaving RCA as the sole commercial supplier of CMOS/SOS).

If the current ‘military efforts to .develop this technology continué at the
present level, Questronn feels that the production schedule will fall- between
2 to 4 years. That is, thé technology should be inature enough to: be

. seriously .considered for production purposes. Today, a SPO can go to
any of a number of contractors (Hughes, RCA and. ‘Rockwell for .example)

. and,. with sufficient funds, have fabricated 50 radiation hard samples of any
-given .part. These would not be .as complex as the -custom designed. .GPU
at RCA, but «could certainly be a uséful level of integration. The problem
would aris¢ when. one begins: to shift attention toward other system develop-

i ‘ment .problems and relax the IC -effort.

RS AR IR

alye , aert g

The bulk: CMOS technology offers much less production risk due to the
large commercial market and the absence of siliCOJi;Sép;)]lire interface, The
chief disadvantages to CMOS/Bulk have been slow spéed (relative to CMOS/ )
SOS) and radiation. sensitivity (low. upset ‘threshold and. latch-up). Coiise- 7
quently, little LSI military: emphasis for hardened systems has -been placed ;|
in this techriology in the- past, ,Recently, Harris has developed a narrow-
channel bulk. CMOS process -with outstanding speed performance. This
technique has been proven. in- the ‘conunér'cizﬂzr ‘mark‘ei, and’ Questron .has ;
tested several devices. Furthermore, Sandia has developed. a gold doping
process for bulk CMOS that climinates -latch-up and reduces photocurrents
(i.e., incrcases the 7y upset threshold). Currently, SAMSO/YAD and SAMSO/
ABRES. are: .funding. an. ‘investigation designed to .integrate these -concepts d
with the objective of fabricating fast, radiation. hard, bulk CMOS devices
for niilitary ‘use.. Results are expected by niid-1977.
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Questron ‘has recently noted a new -CMOS/Biilk process developed by RCA :
for their COSMAC II microprocessor called C2L (closed complementary logic). ;
Initial- speed. perforimance s inipressive and the technology should be in- ‘
vestigated for possible use with gold doping.
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3.2° Memory ‘Implementation

¢ The MOS field effect transistor (FET) lends itself well to the conventional

‘ static .memory cell’ (flip-flop ciréuit) and several commercial Random Access
Memories (RAM) afe available (both on bulk and sapphire): Ilowever, in
military applications where: nonvolatility i .oftén a requifement, the MOS
technology affords an interesting possibility. Since the threshold voltage
(the gate potential required to turn the FET on) depends on the charge
trapped ‘in the gate oxide, .it is possible to construct a singlé transistor
‘memory ¢éll that is both non-volatile- and is not affected by reading: its
state. (NDRO). ‘Figure 3.4 is a schemati¢ of the operation of such a .device j
fabricated. on bulk silicon. The gate insulator -consists: of a sandwich- of f‘
silicon dioxide (Si03) and silicon nitridé (SizNy): (metal-nitride-oxidessilicon. = :
MNOS). The oxide is thin enough (20A&) so that whén a modest poténtial

Y BT

gt

is applied -between thé gate and the FET body (20 to 30 volts), charge jJ
: tunnels into-.the .insulator aid becomes trapped near the .interface between !
%,§ the Si0, :and SizN,: This charge remains »irapped until :a- reverse’ voltage
- is applied to crase the memory. The state of the memory is sénsed. by ;
determining the threshold potential of the transistof. ;
The operation -of the memory device itself is relatively independant of the :

substrate -material (silicon.-or sapphite), but on sapphire, thé .decode citcuity
is much faster resulting in a low memory access time relative to bulk devices.

The -chief MNOS characterizing parameters are retention and endufanée. A
high wiite poteiitial ‘will' inject fiioré ¢harge in a short -period and provide
longer retention but will also degrade the insulator .properties .after nusisrous
wiite icycles. Thus MNOS devices wear -out after extensive use, It has

been found -that the better the wéarout properties, .the worse -the charge
retention characteristiés:  In: particular, several MNOS imanufactures have found:
the product of retention (in seconds) and the enduranée (write ¢ycles) is a
constant and s approximatély: 10, The physics of thi$ phenomeron is.

not clearly understood.
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Within the past two years, there has been an oOutstanding increase in 5
comniercial interest in. non-volatile semiconductor imemories. Applications. ; ] 3
have been found' in citizen-band radios, television sets, and pocket cal: ' §
g culators. These fields ip thémselves shoulg pr’owtdc an .‘adcquateA b?lsé ;
z: Y for long-term- conuiercial interest. In .addition, National Cash Register g
1 has utilized” MNOS memories: in ‘point-of-sale equipment -for several years. 3
Lajﬂ 4 A recent MNOS workshop -(Atuigust 1976) reflected .this intense interest { g
; ) with over one hundred attcndees"from many of the liargest commercial ; 4
, L concerns -(IBM, National, Fairchild, NCR, ectc.). and many countries (Japan : -4
5 ’ was well represented). 3
. The -conference was. organized -around five key topics: | {
‘ A
: 0 Status of .theoretical analysis. g
: 0 Processing patameters, E‘
0 Experiniental analysis techniques.
§ ;
, O Reliability and radiation effects. ’3
3 o .intégrated circuit design and -applications, “
N Although. MNOS was the most popular memory element, other related tech- i;j
: nologiés were--discussed’ (FAMOS, avalanche injection, and Al,0,/Si0, gate: } K
4 structures were the most prominent). During: the course of the conference, i ;;
E ‘F" it ‘became clear Ahat for MNGS technology, device fabrication has progressed % ]
] further ‘than the Knowledge of the physics of the material and a great deal 3 ~:
of research is needed to understand quantitatively how MNOS devices -func: :
] i tion, This i$ even moré crucial for 'MNQs than. 'CMOS devices due .to. the
/ necessity of accelerated’ test techniques for endurance and. retention and
i

due to the critical nature of the -thin. sandwich insulator construction neces-
sary for MNOS. As of August, 1976, only the SAMSO ACT I program

and ‘the Weapons Laboratory were sponsoring MNOS/SOS developments and

only ACT I has been attemipting to fabricate -a fast MNOS RAM on. sapphire.
Aside from Westinghouse, there was general pessimism regarding the success

of the MNOS RAM with the current state-of-the-art. Westinghouse’s differ-

3 ential write technique is unique and, at the present, is. the .only way a -useful
write cycle RAM can- be constructed from MNOS technology:
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At least six MNOS theories. were discussed and compared. Each applies
to some specific test condition oF environmeit and can adequately
repiesent only [}zat situation. No- attempt was made to generate a
“universal MNOS” theory — dué primarily to gross differences in pto:
cessing. -details which result in variations in eclectron/hole trap distributions,
band. structures, etc.

Key issues discussed during the thcoret"ical».portion of the conference
included’ the following:

m  Extrapolation. of .fctention data is not warfanted' by present
knowledge of the physics of .charge storage,

m: The initial' threshold window has little effect: on long term
retention (IBM. philosophy),

®  Most theories reducé to a coihon set of predictions ‘in- the
limit of very long or very short write pulses,

Theré was some interest (primiarily Bell Labs) in the use of A1,0; in place
of the SiyNj. .insulator although little information ‘was presented to directly
compare the two techriologies. Several papers dealt with the identification
and eliniination of contamination: during the Si0,, SizN; andfor A1;03

deposition:

One of the most startling papers of the conference was delivered by RCA

and ‘concerned the ‘true iature of the thin (10 to 50AR) Si0; layer. It

was proposed that this: layer ‘was not §i0, at all, but rather a diffuse
silicon and nitrogen' rich layer whose band. structure ;md insulating proper-

ties remain. essentially ‘'unknown, - -.

Reliability data for bulk MNOS fielded :by NCR in point-of:sale terminals
was quoted by Sperfy .to be approximately .008% per 1000 hours at 60%
confidence level. This i§ the only -published- reliability data known to
Questron for MNOS devices. Sinée potential problems related to sapphire
and. the fast write mode of operation currently pursiied by ACT I are not.
included, it .is probable that this figure can be used as an optimistic relia-
bility goal.
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Finally, there were numerous device papers wherein operational character-
istics for several. military .contractor .products were discussed, niodeled and i
comparéd to .competing ‘designs: One rather interesting concept irivolves
a-current Westinghouse .contract. with the Air Force to: develop- a -fast
write volatile RAM with. an intermixed MNOS' EAROM. On command,
total data transfer 'to' non-volatile ‘storage is executed- in one write cycle
for the entire memory. Thi§ technique could be useful in a trué¢ hard-
ware drcumvcntion and recovery system.

3.3 Charge ‘Coupled Devices

A charged coupled device (CCD) consists of an array of narrow conducting i
plates positioned in close ‘proximity (800A t6 1200A) to a lightly doped ]
wafer of silicon. The plates aré usually grouped in units of three and
the units are repeated several hundred. timés across thé silicon chip. If 3
three felated .potentials are applied to each unit (V, = V3 > Vj) and
charge is deposited in the potential: well formed by V,, it will- reinain
trapped beneath  thi§ -plate until the potential bias are changed, It is
possible to move thi§ trapped- charge packet along the iiné of plates by
judicially vatrying the applied poténtials, Thus the CCD .s rélated to the
fact that they can store and transfer charge signals that havé been intro:
duced’ cither eclectrically or optically.
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CCDs have found applications in area-image sensors, serial niemories and
transversal filters. Analog filter systems based on CCDs afe 'smaller and
cheaper than the conventional methods. which einploy .analog-to-digital con: ¢ 7

PR

version, digital manipulation ‘with a computer and digital-to-analog recon-
version, ’

o BT S

Curfently, CCD area-image sensors -are being developed by Fairchild, RCA,
TT, Bell ‘Labs and GE. High density .memories; are manufactured, by
‘Fairchild, Intel: and Bell Northern:Résearch. Transversal filters are being
developed by General Electric and TL. ‘

o 1R 3R e KT A B Lt

The radiation-induced upsct level for CCDs. is extremly low. One to -ten
rad(si) will fill' the potential’ wells: with -charge. and render the device
inoperative until .the potential wells can be electrically émptied: The

total dose radiation sensitivity (permanent cffects) is similar to the .discussion
for conventional MOS devices. Neutron effects have not yet -been .exten-
sively addressed.
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40 MINORITY CARRIER DEVICES

For the purposés of this report, minority carrier devices ‘will imply inte-
grated circuits' constructed using bipolar transistors (either NPN or PNP
type). Figure 4.1 is a schematic of a NPN bipolar transistor fabricated
in bulk silicon: The device consists. of an emitter; a base and- a collector.
Under appropriate biasing conditions, électrons leave the emitter, travel
through the base ‘(since the base is: P-type material, -the electrons are
ininority carriers in this region) and aré collected by the largé N-type
region -(collector);

The ratio of the current injected into .the base to the current flowing
from. the emitter to- tlie ¢ollector is the transistor gain. IHigh gain devices
usually: havé narrow base widths to- minimize losses due to minority: carrier
recombination. jh thé base region.

One of the limiting factors in the switching speed of a bipolaf transistor

is tlie time required to establish and then remove  the charge stored in the

depletion volume between the base and the collector. Switching speeds of

10 to 20ns are commion unless specific steps are takein to feducé this stored
charge. -One techriique consists of lightly doping the collector' region with:

gold atoms. This éffectively reduces the depletion. volume and increases’ the
speed ‘of the transistor: Care must .be taken not to introduce gold into

the base¢ region as this greatly increases' recombination :losses.

Another common technique consists of adding a speécial diode between the
base and the collector. This. devicé is called Schottky .diode and, depending
on it§ construction, conducts at 0.2 to ‘0.4 volts instead of the formal. 0.75
volts for P-N junctions. ‘This voltage clamping action between the base and
collector prevents the formation of a ]:ai'gp‘dep]etion volume and greatly speeds'
the switching action. Both fechniq_ues are currently in production for major
systems -and are discussed below:

Récently: ion -implantation of base and emitter dopants has been actively
investigated as an improved processing technique.
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4.1 Radiation Effects

f Sincé most bipolar devices do not depend. on charge transport near this ; :
1 silicon surfade, total dose .effects are: minimal. Occasionally charge trapped 3
§:3 in. the field oxide near a. 'P-N isolation junction will cause leakage and 4;
1 possible field inversion. This problem is faifly well understood in. the oA
* industry and with miniinal care, devices can be constructed that will. % ‘
i operate to- 106 rad(si).
é ) On the' other -hand, ‘bipolar. devices- are very sensitive to neutron displace: )
j ment damage in the base region and in the Alightly doped collector region.
1 Silicon damage in the base .results in a severé loss in -transistor gain while -col: [
f, ; lector damage increases the collector-to-bas¢ saturation. voltage (reduced noise :
f margin). Unhardened bipolar devices often cease functioning below 101
f neutronf/cm? (IMEV equivelant) whilé current hardened dévices (narfow 'bases 3
and. specially doped.-collectors) operate up to mid 10" neutronf/ecm?, ’i
H - o o g
o Transient radiation effects -are similar to those discussed in bulk CMOS : 3
f& devices, For bulk devices, radiation induced photo:currents ¢éan cause logic 4
3N upset between 106 and 107 rad(si)/sec aind; the potential for ‘fourlayer latéh: S
up action éxists, %
N
To -alleviate. this sensitivity and the latchup problems, the military has f

financed the .development of. diclectrically isolated (DI) bipolar devices.
This ‘technology is based on fabricating .cach transistor .in its own- ‘isolated
tub of epitaxiaily grown silicon as shown in Figur¢ 42 Unfortunately,
this isolation doés not come free. Reduced packing density preclude fab
rication -of true LSI devices, and thé cost for médiijm scale integration
(MSI)- chips is on the order of $100 cach: One 6f ‘the biggest problems
with DI technology is- low yield due :to the fabrication technique sused

in forming the dieclectrically isolated ‘tubs of silicon. Several manufac-
turers are working on- new dielectric jsolation procésses but ‘to. Question’s
knowledge, only TI (a sense amplifier program with AFML). is Air Force
funded. ,

e

fire s Tnmden adod

e A 24, £+ i s o e, o ARSI
WEJEFAPYIRY FTPE

P

b e e e s iy s et 8 T
&

-23;

Aot o~

e e
T et
Ty

Tl st —— et By srnd il AN ST ik o S Dk taes” s, N, X




AR

2 Ay

O A DTl

-
Fod

R

D O T T o o TS RIS T T P R Ty T i MO« et i oo i & bt i o
Step 1. Surface Preparation
r/_,\! t__/\t . Step. 6. -Dielectric ‘Oxide Y
’\—"j e “
3
N o
4 s
v
é
_ Step 2. _N+ Deposition: ;
A
>
3
Step 3. Masking: Oxide '
Step 8. Backlap. and Polish

Isolation Pattern

Step 4..

Step 5. 'Moat Etch

Standatd Materials Isolation Process

"Figure 4.2
-24-

[e—

A2 A EY SRS R o Al € st e ity St S

T AR IR S,

ot s Kb i bt b e . - AN
ik NN it Gt ket b Aok 160 8 K 3tk AR

-
2%
3

L

3~

B0 sy M 0 04 L 0 S e S

5
o

Ty ey vt ey BTy T Ot b Nl
A e e e
FoweS TSy S0 s

vt 3 o ,;-@?r./;,z
; :




YT LR R e AT TV R T R T e e e T T e e T T N T R T e R VARt~ M i i W A AR A AR i el e DO S SO A A M B i R " UL SRS
. . : g

At this point, a few brief comments regarding lincar circuits are in order, A

LEN A R ACASR L i 5

heavily utilized part is the operational: amplifier.  Therfe -are. numerous b
development programs at RCA, Harris, TI, and Motorola designed to fab- o
ricate' radiation hard, fast operational amplifiers. At present, the most. .
: promising devices are the Harris operational amplifiers developed ‘for Lock- 3
2 heed C4 and for Northrop (different devices), and an RCA operational §
Aq amplifier. developed for the MKS00- program at GE. Initial data at' GE
o show excellent radiation hardness. Data on Harris devices is currently g

being taken by both customers.

FSRFRIE ST Y

At present, there is no source for radiation hatd voltage controlled oscil-
£ lators, video amplifiers, or line réceivers—parts needed for analog signal
processing. MX has idéntified a need for these parts and has initiated
a .dévelopment program at RCA and Motorola.

The fouf channel AC-coupled sens¢ amplifier under developmernt at TI by
the Air Force Materials Laboratory is based on a new DI process -wherein
the ¢pi is grown in the insulating boat to the desited thicknéss :rathér than
ground down from a thickér epi layer. This process should permit ‘the
fabrication of very shallow (and radiation hard). transistors; The current TI
schediile called for test bars by December 1976, and the first sénse .amplifier
in the first quarter 1977. Questron is currently cvaluating the most sen-
sible procedure for. SAMSO to assuré the existerice of a ‘MX usable sensé
amplifier by ‘mid-1978.

B YRR ST PICE I TP JL T I SELRNT TNITTS SUPRITYE e Vi it P

4.2 Logi¢ Implementation ;
Currently, dielectri¢ isolated transistor-transistor logic (T?L) is the most § a
popular. bipolar cifcuit implemeéntation for radiation hatd systém: usagé. jé

Figure 4.3 represents typical réalization of T2L gates. The common ele- . i
ments are multiple emitter inputs and “totem poig”’ outputs. The Navy
Trident program is presently using two forms of T2L devices. Tlie

lined low power Schottky T2L devices similar to thé LMSC C-4 tech-
nology. The primary changes involve ‘the replacement of thé gold beam 3
lead bonding technique with conventional aluminum bonding pads.

auto-pilot computer (Lockheed developed) is designed around. the LMSC é
C4. devices. described ‘in- Figufés. 4.4 -and 4.5, The Trident guidance com- Lo
puter has adopted- the MSIA -family of parts also described in ‘Figures P
44 and 4.5, The advanced Minutenian Missile-X (M=X) program has base- é
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Extensive reliability and radiation testing .of the LMSC C4 devices 'is
currently underway at Lockheed as a pait of a qualification' prograi.
Due to persisting difficultics in producing the LMSC C4 parts, Lock-
‘heed has had to delay the completion of its qualification program
several times, The Minuteman SPO. has initiated an Air Force study
of the modified LMSC C4 devices (AIRS Parts) which will include
producibility, device cost, radiation vulnerability and reliability,

s

RN A

Sedaiafa

< g heiei R e

Eajenahiy pacw prone.

The MSIA devices have completed a. thorough reliability and radiation ]
vulnerability program. The devices are currently: in system use in the
TRIDENT Guidance Compuiter.

pOR

A

. Reccntly, a new logic implementation .of bipolar technology has béen
introduced in the commercial and military- markets. Because of the
particular nature -of the inverter geomety, it has been designated
integrated injection logic .(I2L).

iy

3 .
Ei ;‘g The primary disadvantige of I®L (integrated. injection logic) is its newness:
At first, devices weré relatively slow (20 to 30 nsfgate) and fairly neutron
sensitive (~1-101 n/cii?). Its advantages includé -good packing density,
few processing steps, and the ability to include digital and linear deviées

AT

e et U i s oni e e AR IE Ll AR DTl Wt

é N on- a single chip. Ta 1975 Questron advised. SAMSO that the super active t
3 commercial market should be closely watched by the military as speed
\ will: probably .increase. and -if smaller transistors afe implémented, radiation )
': hardness may increase. ®
:f !
In response to this -recommendation; funds from both M-X and DNA. were
2 g directed to NWSC (Crane Ind.) to aid in .assessment of the possible military
i . uses of I2L technology. NWSC has finished this -study, and ‘a final report ;
) £ has been reviewed by Questron' personnel: Below are a few conclusions
;;_ ) drawn from the contents of the report.
g"% With the. possible exception of transient upset levéls; -commercial 2L LSI
%"E devices ‘¢ould probably meet .many Air Force system needs. In order to
%3 meet -the more severe miii.*ary. Jardening requirements, séveral” experimental
: %* 121, configurations exist and a development program -designed to evaluate
17 ‘g the ‘LSI potential of these geometries should be iinstituted. A few of 4
,l }" these experimental structures have demonstrated sufficient neutron and. total :
' § dose tolerance to be of use to reentry systems.
g i
Co
R 3]
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The only transient upset tests perforried to date on an LSI circuit are
those of Boeing on thé TI SB0400. An upset was observed at 2 to 3
x 107 rad (si)/sec. It is. Questron’s recominendation ‘that similar tests
be pe_rfor'med on the new 9900 I2L microprocessor .to evaluate the effect
of reduced: device: geometry.

Questron- has suggested that NWSC include an LSI logic -dévice in their
technology assessmént effort along with a RAM. Questron is- currently
holding discussions with integrated c¢ircuit houses regarding the fabrication.
of the GPU device récently designed -and déveloped -at RCA. This device
is the highest performancé bit slice available and, since it has both an
ALU and- register file' on chip, it will iidke an excellent fest ‘bed for
comparing various proposed LSI technologies.

At the International Reliability -Conference in April, 1976, Bell Laboratories

presented the point of view that I2L is essentially a- common bipolar tech-

nology and as such, can casily be -designed to whatever réliability levels
achievable with T2L, LP Schottky, eté. A novel feature of I?L is that it
can. be operated. below 1 volt Vpp (although it ‘will’ be fairly- slow) and:
that cheinical electro-migration- in a salt solution appears- to have a 1 volt-

threshold: Thus, if the -device:.is operated -at less than 1 volt, neither chip:

passivation nor ‘liermetic packagé scals.'would be required. Unfortunately,
most I2L devices producéd to date have T2L buffer éircuits which opérate
at ~5 volts Vpp.

43 ‘Memory Iiplementation

Program memory storage for guidance system$ with hardening requirements

‘has traditionally been a problem. Historically tlese subsystems have ‘been.
‘cuibersorie, unwieldy, and inéfficient, due primarily ‘to what. was available
-as a developed: hardenéd stofage media. The Minuteman III.eimploys a

drum- memory which is a serial memory and -therefore far too slow for
the ambitious requireménts .proposed for the néxt generation guidance
machines; ‘The Poscidon computer incorporates a U-Core “Braid” program
memory which is very bulky and .is a memory that requires a total. new
manufactired item when pfqgram changes aré necessary.
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fl,‘he SP-23' Branch of ‘the Navy has decided to -usé the -integrated circuit
Programmable Read-Only Memories (PROM) -as the program mémory for the
Trident guidanée computer. These devices will be commericial devices such
as the Harris H7610 with the exception of ‘NiCrf film current limiting ré:
sistors on ‘the .chip and a gold doping for improved Beéta performance
under radiation. The memory system will--employ ‘power strobing after
transient radiation to recover from any “latch-up” problems. It should bé:
emphasized that Trident will take existing coinmercial PROMS on bulk
silicon (no dielectric .isolation). and add NiCr resistors and a..gold spiking
step for their devices. In the past, considerable concern has -beén given
to ‘the reliability aspects of PROM’S., The biggest fear has been the so
called “regrowth” phénomenon of the links. CSDL’s studies into this pro:

‘blem have revealed that the problem lies in the commercial economics of
the device. When the NiCr links are put .on.‘the wafér thére i§ .often a

mask registration problem and. the routine procedure has been to strip off
the NiCr, realign the mask, and redeposit the links. In stripping off the
NiCr, the oxide on which it was deposited becomes etched into a stein’jcd
structure. Thefefore when the NiCr is redeposited .properly, thé oxide steps

create ultra thin links at each step. This weak point i$. what ‘breaks
-during the progiamming of the f’ROM ‘and sincé ‘the opening is only a
few angstroms wide, thé so called- “regrowth” .is attributed to many factors.

The point is that to prevent PROM regrowth, devices must be procuired
that havé not had the NiCr -stripped- durin'g,lthc wafer processing.

The impact' of the Navy program is significant to ABRES computer design
activities. The use of commercial PROM’S, with small niodifications, -would
result in a flexible semiconductor memory better serving the' size, weight,
and power aspects of feentry systems.
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